Small-cell lung carcinoma (SCLC) has a dismal prognosis in part because of multidrug resistance (MDR). Silibinin is a flavonolignan extracted from milk thistle (Silybum marianum), extracts of which are used in traditional medicine. We tested the effects of silibinin on drug-sensitive (H69) and multi-drug resistant (VPA17) SCLC cells. VPA17 cells did not show resistance to silibinin (IC 50 = 60µM for H69 and VPA17). Flow cytometry analysis after incubation in 30 µM silibinin showed no changes in cell cycle phases in VPA17 or H69 cells compared with untreated cells. Silibinin (30 µM) incubation was pro-apoptotic in VPA17 cells after >3 days, as measured by ELISA of BUdR labeled DNA fragments. Apoptosis was also indicated by an increase in caspase-3 specific activity and decrease in survivin in VPA17 MDR cells. VPA17 cells had increased Pgp -mediated efflux of calcein acetoxymethyl ester (calcein AM); however, this was inhibited in cells pre-incubated in silibinin for 5 days. Pre-incubation of VPA17 cells in 30 µM silibinin for 5 days also reversed resistance to etoposide (IC 50 = 5.50 uM to 0.65 µM) and doxorubicin (IC 50 = 0.620 µM to 0.035 µM). The possible synergistic relationship between silibinin and chemotherapy drugs was determined by exposure of VPA17 cells to 1:1 ratios of their respective IC 50 values, with serial dilutions at 0.25-2.0 × IC 50 and calculation of the combination index (CI). Silibinin and etoposide showed synergism (CI = 0.46 at ED50), as did silibinin and doxorubicin (CI = 0.24 at ED50). These data indicate that in SCLC, silibinin is proapoptotic, reverses MDR and acts synergistically with chemotherapy drugs. Silibinin, a non-toxic natural product may be useful in the treatment of drug-resistant SCLC.
Introduction
Small-cell lung carcinoma (SCLC) originates from neuroendocrine cells and accounts for 12-15% of all lung cancer. SCLC has a poor prognosis, with 5-year survival less than 5-10% [1] . Most patients present with disseminated disease, so treatment is by chemotherapy, with combinations involving etoposide, doxorubicin, cisplatin and vincristine [2] . Unfortunately, multi-drug resistance usually occurs and this makes further treatment ineffective [3] . One mechanism of multi-drug resistance is the overexpression of Pglycoprotein (Pgp), the drug transporter that is a product of the MDR1 gene.
Milk thistle (Silybum marianum) is a member of the daisy family, indigenous to the Middle East. Extracts of the single-seeded fruit have been used for centuries in Europe to treat hepatitis and mushroom poisoning [4] . The medicinally active hot water extract called silymarin comprises about 5% (w/w) of the fruit and contains a mixture of polyphenols [5] . Among the most active is the flavonolignan, silibinin [6] , which is widely available as a dietary supplement.
Following an initial report that silymarin strongly inhibited skin cancer development in a mouse model [7] , there has been interest in silymarin and silibinin for cancer prevention and treatment. Of particular interest have been extensive studies on prostate cancer cells and animal models [8] , [9] This led to a clinical trial, which is ongoing [10] .
Dietary silibinin has been shown to inhibit the growth and progression of urethane-induced lung adenocarcinomas in a mouse model [11] and non-small cell lung carcinoma tumor growth in athymic mice [12] , although it did not have an inhibitory effect on benzo(a)pyreneinduced lung adenoma development [13] . The mechanism of the effect of silibinin on nonsmall-cell lung cancer cells appears to be via multiple signaling pathways and downregulation of inducible nitric oxide synthase [14] . In extensive studies on prostate cancer cells (reviewed in [15] ), silymarin and silibinin have been shown to cause G1 arrest, and to be proapoptotic, anti-angiogenic and anti-metastatic.
In this report, we describe the first studies of of silibinin on SCLC and particularly on drugresistant cells. We examined cytotoxicity, apoptosis and drug-resistance in silibinin-treated cells. We show that silibinin can reverse Pgp-mediated drug resistance and acts synergistically with established chemotherapeutic drugs.
Materials and Methods

Cells
NCI-H69 SCLC cells were grown at 37°C in suspension culture in an atmosphere with 5% CO 2 in AIM-V serum-free medium (Invitrogen). A multidrug-resistant cell line VPA17 derived from H69 cells selected in etoposide [16] was also grown in AIM-V medium. The VPA17 cells showed resistance to etoposide (9-fold), doxorubicin (15-fold) and vincristine (10-fold) [17] , but not to cisplatin. They overexpress Pgp [18] Cells were added to 8 ml medium at 3 × 10 4 cells/ml and reached logarithmic growth in 3 days, at which time they were used in experiments. Doubling time of both cell lines was approximately 30 h. Medium was changed every 4 days in a ratio of 1:5.
Cytotoxicity
Silibinin, etoposide, doxorubicin or cisplatin (Sigma, St. Louis, MO) were dissolved in DMSO at a concentration of 10 mM and stored at 4°C for up to 2 mo. Dilutions were made in DMSO such that the concentration of DMSO in experiments did not exceed 2%. Drugs were added as indicated to logarithmically growing cells in 500 µl cultures containing 10 4 cells/ml. After 4 days of continuous incubation (5 days for silibinin experiments), cells were counted using a Coulter Z-1 Particle Counter. Counts were validated microscopically by hemocytometer after staining in trypan blue. All experiments were done in triplicate and repeated at least three times. IC 50 values, defined as the concentration of drug that reduced cell counts by 50% compared to controls incubated in 2% DMSO, were calculated and compared by t-test. Retrospective power analysis showed that the triplicate experiments repeated three times was adequate (T = 0.88) for statistical significance (p > 0.05). In experiments involving preincubation, logarithmically growing cells were incubated in 30 µM silibinin for 72 h, after which the medium was removed by centrifugation and the cells washed once with fresh medium. Then the cells were resuspended at 10 4 cells/ml fresh medium and tested for cytotoxicity as above.
Cell cycle analysis
Eight-ml cultures of SCLC cells with 2 × 10 5 cells/ml were incubated in silibinin for 5 days and washed twice in PBS. Cells were fixed in 75% ethanol for 14 h at 4°C. After one additional wash in PBS, cells were stained with 20 µg/ml propidium iodide, 0.1%bTrition X-100, 200 ug/ml RNase A for 16 h at 4°C. They were then analyzed by flow cytometry.
DNA Fragmentation ELISA for Cell Death
Apoptosis was measured by detection of DNA fragments (Roche Applied Science). Triplicate 3-ml cultures at 10 5 cells/ml were incubated in AIM-V medium with 10 µM BUdR for 18 h. After washing and resuspension in fresh medium, duplicate 200 µl cultures were incubated with drug as indicated. The cells were pelleted by centrifugation and 100 µl of the culture medium was removed for ELISA of BUdR containing DNA fragments; this is a measure of cell death by necrosis. The cells were then lysed and DNA fragments in the lysate were measured by ELISA; this is a measure of cell death by apoptosis.
Caspase 3
Cells (3 × 10 5 /ml) were incubated in etoposide or silibinin at 0.5 × IC 50 for the times indicated. Caspase 3 was assayed fluorimetrically (Sigma kit), using Ac-DEVD-AMC as substrate and AMC (7-amido-methylcoumarin) product measured by fluorescence at 360 nm excitation−460 nm emission. Experiments were performed at least four times.
Survivin Assay
Cells were grown in culture for 96 h in the presence or absence of 30 µM silibinin. The Surveyor IC ELISA (RD Systems) was used to measure survivin concentration. A standard curve was generated using purified human survivin. Protein in cell lysates was measured by dye binding (BioRad). Survivin concentration was expressed as µg/pg total cell protein.
Drug efflux assay
The Vybrant multi-drug resistance assay (Molecular Probes-Invitrogen) was used to measure drug efflux properties of cells treated with silibinin. Calcein acetoxymethyl ester (calcein AM) is taken up by cells and hydrolyzed by cytoplasmic esterases to fluorescent calcein. However, the MDR1-encoded membrane transporter [19] ] removes the calcein AM before it can be hydrolyzed, resulting in reduced cellular fluorescence. Two types of experiments were performed. To measure direct inhibition of Pgp-mediated efflux, cells (2 × 10 5 / 100 ul medium) were incubated with or without 50 µM silibinin for 45 min. Then 250 nM calcein AM was added and after 15 min, cell suspensions were centrifuged and washed and cell fluorescence was measured at 494 nm and compared to controls not incubated in drug. To measure indirect inhibition of Pgp-mediated efflux, 5-ml cell cultures (2 × 10 5 cells/ml) were incubated for 96 h with or without 30 µM silibinin. Following washing twice by centrifugation in fresh medium, 3 × 10 4 cells were incubated in 100 µl fresh medium and calcein AM added at 250 nM. After 15 min, the suspensions were centrifuged and washed, and cell fluorescence measured at 494 nm. Because cyclosporin A is an inhibitor of Pgp, experiments were performed with 2 µg/ml cyclosporin A as a control to show reversal of Pgp-mediated drug efflux. All experiments were performed in triplicate and compared to controls not treated with silibinin.
Combination studies with silibinin and chemotherapeutic drugs
The presence or absence of synergism between silibinin and etoposide or doxoru bicin was determined using the method of Chou using CalcuSyn software v. 2.1 (Biosoft) [20] . Briefly, drug-resistant VPA17 cells were exposed to 1:1 ratios of the respective IC 50 values for silibinin (IC 50 = 50 µM) and etoposide (IC 50 = 6 µM) or silibinin and doxorubicin (IC 50 = 0.6 µM) at 1/4 × IC 50 , 1/2 × IC 50 , IC 50 , 2 × IC 50 , and 4 × IC 50 . Cells were incubated first in silibinin for 3 days, then washed and resuspended in medium containing etoposide and incubated for a further 4 days. Cell counts were made as described above. The combination index (CI) was calculated to determine the presence of synergism (CI < 1), an additive effect (CI = 1), or antagonism (CI > 1) between silibinin and etoposide/doxorubicin.
Results
Cytotoxicity of silibinin
Silibinin was tested on drug-sensitive (H69) and drug-resistant (VPA17) SCLC cell lines. Cytotoxicities were similar (p > 0.05, t-test) in both cell lines, with an IC 50 of 60µM ( Figure  1) . A similar IC 50 was observed in a second drug-resistant cell line (VPA6) (data not shown).
Cell cycle analysis
SCLC cells incubated in silibinin at 0.5 × IC 50 for 5 days showed no difference from controls incubated in solvent in the distribution of cell cycle phases as measured by PI staining and flow cytometry. As a positive control, incubation in 0.5 × IC 50 etoposide showed accumulation of cells in G2. Figure 2 shows results with the drug-resistant VPA17 cells. Similar results were obtained for drug-sensitive H69 cells: Untreated: 57% G 1 , 23% S, 17% G 2 /M; Silibinin: 58% G 1 , 20% S, 21 G 2 /M; Etoposide: 48% G 1 , 20% S, 30% G 2 /M).
DNA fragmentation
To determine the mechanism of cytotoxicity, we treated VPA17 cells with silibinin at 0.5 × IC 50 and used an ELISA test to measure DNA fragmentation. As incubation time in silibinin increased, there was an increase in DNA fragments in cell lysates (apoptosis), as opposed to released by intact cells into the medium (necrosis) (Figure 3) . Similar results were obtained with drug-sensitive H69 cells (e.g., OD450 nm at 120h: 0.7 cell lysate, 0.13 culture medium).
Caspase-3 activity and survivin concentration
Incubation of drug-resistant VPA17 cultures in 0.5 × IC 50 silibinin resulted in an increase in the specific activity of caspase-3 compared to untreated controls ( Figure 4) . As a positive control, etoposide also resulted in an increase in caspase-3 activity. Similar results were obtained with drug-sensitive H69 cells (e.g., Caspase specific actrivity at 120 h: 17.3 etoposide, 19.1 silibinin, 6.3 control).
The baseline concentration of survivin on a total protein basis was significantly higher in drug-resistant VPA17 cells than in drug-sensitive H69 cells ( Figure 5 , dark bars). Incubation of H69 cells in 0.5 × IC 50 silibinin did not significantly alter the survivin level; however, survivin was significantly reduced in drug-resistant VPA17 cells ( Figure 5 , light bars).
Inhibition of drug efflux and reversal of multi-drug resistance
Drug efflux via Pgp was measured by a fluorescence assay. Compared to drug-sensitive H69 cells, there was significantly greater efflux in drug-resistant VPA17 cells ( Figure 6 , black bars). Pre-incubation of the cells in 0.5 × IC 50 silibinin for 4 days did not alter the low level of efflux in H69 cells, but it did significantly reduce efflux in VPA17 cells ( Figure 6 , light bars). As a control, cyclosporine A, which blocks Pgp-mediated efflux, also did so in the VPA17 cells ( Figure 6 , medium bars). When untreated VPA17 cells were incubated in silibinin for 45 min and then immediately tested for drug efflux, there was no inhibition of the efflux (data not shown).
To test for reversal of the overall drug resistance phenotype, SCLC cells were pre-incubated in 0.5 × IC 50 silibinin for 5 days and then tested for cytotoxicity with etoposide or doxorubicin ( Table 1) . Compared to cells not treated with silibinin, the IC 50 's for etoposide and doxorubicin were significantly reduced in silibinin-treated VPA17 cells. There was no effect of silibinin on drug-sensitive H69 cells, nor was there an effect on the cytotoxicity of cisplatin, which is not part of the multi-drug resistance phenotype in these cells.
Combinations of silibinin and chemotherapeutic drugs
Drug-resistant VPA17 cells were first exposed to silibinin and then to either doxorubicin or etoposide at a constant 1:1 (IC 50 :IC 50 ) ratio of silibinin:drug at varying dilutions (0.25-2 × IC 50 ) to determine possible interactions. The combination index calculations (Table 2) showed synergism (combination index <1) between silibinin and etoposide and between silibinin and doxorubicin.
Discussion
Lung cancer is a leading cause of cancer deaths worldwide, and most people die with drugresistant disease [1] . Small-cell lung carcinoma (SCLC) is a particularly lethal form of this disease. Milk thistle (Silybum marianum) and its extract silymarin are widely used herbs to treat various ailments [4] . This is the first report to examine the effects of silibinin, a flavonolignan extracted from milk thistle, on drug-resistant SCLC cells.
Silibinin was cytotoxic to SCLC cells, and was not part of drug resistance (Figure 1) . In contrast to its effect on other tumor cell types, where silibinin causes inhibition at G1 [15] , it did not affect cell cycle parameters in SCLC cells (Figure 2 ).
Several lines of evidence indicate that silibinin is pro-apoptotic in SCLC cells. First, release of DNA fragments into the extracellular medium is characteristic of necrotic cells, with disrupted cell membranes. Instead, we observed a time-dependent accumulation of DNA fragments within silibinin-treated cells that could be released upon cell lysis with detergent ( Figure 3 ). This is characteristic of apoptosis. Second, the apoptosis effector caspase-3 [21] activity was increased in silibinin-treated cells (Figure 4) . Third, the apoptosis inhibitor survivin [22] was reduced in silibinin-treated drug-resistant SCLC cells ( Figure 5 ).
Since silibinin was cytotoxic to drug-resistant SCLC cells, we examined its effect on the phenotype of drug resistance in two ways. First, we tested the effects of silibinin on drug efflux mediated by the Pgp membrane transporter. Our results ( Figure 6 ) showed that preincubation for 4 days in silibinin was effective in blocking the drug efflux phenotype in drug-resistant SCLC cells ( Figure 6 ).
Silibinin did not block efflux when presented to cells for 45 min, indicating that its effect is probably not a result of directly inhibiting Pgp-mediated drug efflux. There might be effects on Pgp expression over the 4 days of silibinin pretreatment, which would indirectly affect drug efflux activity and drug resistance. Second, with a view to clinical use, we performed experiments in which drug-resistant SCLC cells incubated in silibinin were tested for resistance to etoposide and doxorubicin, two drugs commonly used in SCLC chemotherapy [2] . Our data (Table 1) showed that silibinin effectively reversed the drug resistance phenotype. From our quantitative analysis of drug combination experiments, silibinin was synergistic with both etoposide and doxorubicin (Table 2 ). This indicates that with the addition of silibinin, a dose reduction of etoposide and/or doxorubicin may be possible with clinical benefit in drug-resistant SCLC.
Taken together, our data indicate that in SCLC, silibinin is pro-apoptotic, reverses drug resistance and acts synergistically with chemotherapeutic drugs. As a non-toxic natural product, silibinin may be useful in treatment of SCLC. Cytotoxicity of silibinin. Logarithmically growing drug sensitive (H69) and drug-resistant (VPA17) SCLC cultures were incubated in silibinin in DMSO and cells were counted after 5 days. Shown are the average (S.D.) cell counts from triplicate counts at each drug concentration relative to the 0-drug control. This is a representative experiment that was repeated 3 times. Calcein AM efflux from silibinin-treated and control cells. Triplicate cultures were incubated for 96 h with or without 30 µM silibinin. Following washing twice, cells were incubated for 15 min in calcein AM and cell fluorescence measured (RD Systems). Experiments were also performed with 2 µg/ml cyclosporin A as a control. Results are expressed as mean ± SD. (*, p < 0.05 by ANOVA for the comparison between all treatments and paired t-test between silibinin-treated and untreated cells, and cyclosporine-treated and untreated cells). 
